The term synaptic plasticity implies modification in the strength or efficacy of synaptic transmission between pre-existing synapses. Long-term changes in synaptic efficacy have been widely proposed as the cellular mechanism of the learning and memory machineries of the brain. However both the induction and expression mechanisms of synaptic plasticity processes remain elusive and more diverse than formerly though. In this review we show the principal mechanisms of experience-dependent plasticity in the somatosensory barrel cortex. The somatosensory barrel cortex is composed of local circuits interconnected by vertical and horizontal projections. Sensory information from the whiskers is transmitted through the brain stem and thalamus to layer 4 neurons in the barrel cortex. Sensory responses are relayed from layer 4 to layer 2/3 and then to layer 5 and layer 6. At the same time, there is feedback from layer 5 to layer 2/3 and layer 6 to layer 4. This vertical organization is linked horizontally by strong projections between barrels. Distinct synaptic and intrinsic properties of these neurons are involved in different sensory plasticity responses observed in the barrel cortex.
Introduction
One of the most important objectives in Neuroscience has been to unravel the synaptic plasticity mechanisms that build up memory, learning and adaptive behavior processes. In this review we will perform a summary of the principal mechanisms of experience-dependent plasticity in the somatosensory barrel cortex that have been studied.
Plasticity is one of the most fascinating properties of the mammalian brain that has the ability to modify, through experience, the functions and formation of neural circuits and consequently thoughts, feelings and actions. Thus, plasticity is an adaptive capacity that allows the brain to learn and memorize sensory experiences, to improve movements and to recover functions after injury. This is a relatively new concept that was discovered in 1949 by Donald Hebb, who proposed the idea that these important modifications were consequences of several synaptic changes and that if these changes between synapsis remained in time, then some information had been stored in the circuit in which the synapsis was embedded.
This phenomenon was called synaptic plasticity and refers to the modification in the strength or efficacy of synaptic transmission between pre-existing synapses. Synaptic plasticity is a crucial process for a healthy brain, and is thought to play an important role in the development of neural circuits. In fact, dysfunctional plasticity processes reveal serious neuropsychiatric disorders [1] .
There are three main paradigms for studying sensory REVIEW plasticity: one of these is experience-dependent map plasticity. In all species there is a broadly somatotopic representation of the body in the primary somatosensory cortex (S1) as well as in other subcortical relay stations. Similarly, auditory and visual cortices have a topographical map of the cochlea and retina, respectively. These sensory maps may change in adults as a result of modifications of peripheral inputs or behaviorally important experience throughout life [2, 3] . There are several works in which rats or mice were taught to explore their environment using their whiskers. What these researchers observed was that, as rats and mice learned, the S1 cortex generated qualitatively different neuronal responses, reorganizing the somatosensory functional map [4] . Another way of studying plasticity is by blocking or causing an injury in nuclei or any small part of the studied pathway. Many studies have been performed in which changes in the functional map could be seen after inflicting damage along the studied pathway. For example, removing several whisker follicles eliminates completely the whisker sensory input resulting in major changes in somatosensory functional maps [2, 3] .A further way of seeing changes in neural maps is to make sensory stimulations and observe how the neural response and its connections have changed. Accordingly, there are studies where a repetitive stimulation was performed in order to study synaptic plasticity processes [5, 6] . This is the method we followed in our laboratory where we observed that a repetitive whisker stimulation at different frequencies in an anesthetized rat resulted in a frequency-specific, long-lasting increase in neuronal responses in the S1 barrel cortex. The stimulation frequencies used in the experiments were selected from the range of frequencies that rats use to explore the environment. Overall, our results suggested that natural, rhythmic stimulation of whiskers can modify sensory processing, providing a possible mechanism for learning during sensory perception [5] .
Consequently, synaptic plasticity may be the neurobiological foundation for processing and storing sensory information, because synaptic transmission can be increased or depressed according to sensory experience and these changes can remain from milliseconds to hours, days or even longer [7] . In the early 1970s Bliss and colleagues established that repetitive stimulation of excitatory synapses in the hippocampus caused a potentiation of synaptic strength that could last for minutes or days [8] . This phenomenon was called Long-Term Potentiation [LTP]; many studies have been performed in order to learn how this process works for achieving the storage of information into a neuronal circuit by the repetitive stimulation of the synapses. In addition, prolonged repetitive stimulation at low frequencies [0. Hz] may induce a Long-Term Depression [LTD] [9] . The balance between LTP and LTD processes in the cortex probably modulates sensory responses and may be the main candidate that rules many forms of experience-dependent plasticity.
Synaptic Plasticity In Glutamatergic Pathways
Glutamate is a neurotransmitter normally involved in learning and memory processes since the modulation of glutamate receptors contributes to synaptic plasticity. The postsynaptic cell has two major ionotropic glutamate receptors, namely α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptor [AMPAR] and N-methyl-D-aspartate receptor [NMDAR] , which bind to the glutamate and are activated. The next steps in the process are as follows: firstly, the AMPAR provides most of the inward current that generates the excitatory postsynaptic potential (EPSP) through a channel that is permeable to monovalent cations (Na + and K + ). Secondly, the NMDARs can be activated, depending on the voltage, due to the blocking of their channel at negative membrane potentials by extracellular magnesium [Mg 2+ ]. Through NMDARs, Ca 2+ and Na + ions can pass into the postsynaptic neuron. LTP takes place at glutamatergic synapses in many brain areas such as the hippocampus and the neocortex [10, 11] .
How a long-lasting plasticity process such as LTP can be maintained over an extended period is still partially unknown. However, there is a hypothesis in this regard: the increase in Ca 2+ concentration leads to activation of intracellular second messengers involving a number of protein kinases, mainly calcium/calmodulin-dependent protein kinase II (CaMKII) [12, 13] . This promotes the addition of AMPRs into the post-synaptic density. At the same time some structural changes occur within the synapsis, for example the size of the post-synaptic density and dendritic spines increase. Further post-synapsis changes drive an enhancement of the pre-synaptic size, indicating that the synapsis has been potentiated and strengthened. If this increment in the synaptic weight should be maintained for hours or days, the processes described must remain active for a certain time in order to maintain the synaptic strength [7] .
Plasticity processes in the sensory cortex are mainly due to the activation of NMDARs that induce a long-lasting enhancement or depression of the response to a stimulus [14] . In the neocortex, repetitive stimulation of excitatory synapses produces in most cases a classic NMDA-LTP. This experience may contribute to the correct formation and refinement of the receptive fields in the barrel cortex and hence, on the sensory cortical maps [2, 3] . However, animals in which the barrel cortex is chronically treated with the NMDAR antagonist, AP5, during the first postnatal week, fail to develop the topographical representational map of the whiskers in S1 [2, 15] . In adults, many studies have concluded, by blocking NMDAR activation with AP5 or MK801 that the cortical LTP process performed within the cortex is mediated by NMDAR activation [5, 16] .
Insertions of AMPA receptors in the membrane also contribute to the generation of these plasticity processes that can remain over time [17, 18] . Several studies were able to induce long-term plasticity processes in the cortex, between layers [12] and between different barrels [19] , after repetitive stimulation.
Although plasticity is a property of the entire brain, the neocortex is a particularly relevant region for plasticity because it performs sensory, motor and cognitive tasks with strong learning components [3] . As examples, Mégevand and colleagues [6] induced a long-term response facilitation through 10 minutes of 8 Hz whisker stimulation in the granular and supragranular layers of the barrel cortex that lasted for over 90 minutes. Similarly, it has been reported that electrical stimulation of layer 4 induces LTP in layers 2/3 of rat neurons recorded in vivo [20] or in mice recorded in vitro [21] . Many studies have been conducted which conclude, by blocking NMDAR activation with APV or MK801, that the LTP process performed in the cortex is mediated by NMDAR [5, 22, 23] . Concretely, the somatosensory pathway belonging to the whiskers has proven to be a powerful system for studying somatosensory plasticity in many researchers [5, 10, 24, 25] . Whiskers are active tactile detectors represented by a cluster of neurons called barrels in layer 4 [26] . Many studies show that repetitive whisker stimulation at a frequency of around 5 Hz generates an enhancement of the recorded neuronal response, which means a LTP process.
Another surprising property of synaptic plasticity is that it is considered to be crucial during development. Repetitive whisker stimulation induces a long-lasting increase in the evoked potential amplitude in layers 2/3 and 4 of the barrel cortex of neonatal rats or mice [27, 28] , suggesting that it may participate in the activity-dependent wiring of the cortex during development. Furthermore, recent studies confirm the existence of plasticity in mature mammalians showing that repetitive stimulation can induce synaptic plasticity including LTP of cortical responses evoked by sensory inputs in humans and adult animals [6, 29, 30] . It is well known that this type of plasticity can also occur in other cortical areas, such as the visual or auditory cortex, in which the principal mechanisms are common. This is not really surprising because plasticity relies on properties at cellular level that are similar in these systems. However, the type of basal activity that drives plasticity may be different in each cortical area, and as this issue has not yet been studied in depth it may well give us some surprises in future researches [10] . For example, stimulation frequencies between 4-12 Hz that are typically used for studying the whisker somatosensory system [rhythmic movements of the whiskers used by rodents during active exploration] induce LTP in the S1 cortex [5] .
Traditionally, LTP is induced by short bursts of high-frequency stimulation or by pairing low-frequency stimulation with postsynaptic depolarization. Moreover, it has been establish that temporal stimulation pattern is important to induce LTP. For example, Levy and Steward [31] demonstrated that when a weak and a strong input from the entorhinal cortex to the dentate gyrus were activated together, the temporal order of activation was crucial. LTP of the weak input was induced when the strong input was activated concurrently with the weak input or following it by as much as 20 ms. However, LTD was induced when the temporal order was reversed. Later studies have further addressed the importance of the temporal order of pre-and postsynaptic spiking in long-term modification of a variety of glutamatergic synapses and have defined the "critical windows" for spike timing [1] . This form of activity-dependent LTP/LTD is now referred to as spike timing-dependent plasticity (STDP) [32] . Consequently, synaptic modifications depend on the temporal order of the pre-and postsynaptic activation, which allow the Ca 2+ to enter the cell through NMDARs and to induce synaptic plasticity. The classic LTP and STDP obey the "Hebbian" rule. Thus, repetition of temporally correlated pre-and postsynaptic activity is required to induce synaptic plasticity.
Despite the importance of STDP in the creation of LTP, some studies have stated that this process might not be as important as we thought regarding in vivo brain, because the intact brain must be governed by much more complex rules [33] .
Effect Of Acetylcholine In Synaptic Plasticity
Acetylcholine (ACh) has a variety of effects as a neuromodulator upon synaptic plasticity, attention, learning, memory, arousal and reward [34] [35] [36] [37] [38] . The basal forebrain is the major source of cholinergic afferents to the neocortex [39] [40] [41] . In Alzheimer's and related neurodegenerative diseases, there is an important loss of cholinergic system. Thus, ACh is essential to normal CNS function, modulating the activity of the cortex and subcortical regions, regulating networks activity in many important brain functions during arousal and, probably, during paradoxical sleep [42] [43] [44] [45] . It is well known that ACh enhances synaptic plasticity in the hippocampus and neocortex [23, [46] [47] [48] [49] . ACh modifies brain activity through nicotinic and muscarinic receptors that have several presynaptic and postsynaptic effects on neurons. Activation of nicotinic cholinergic receptors enhances synaptic transmission [50] . Activation of muscarinic cholinergic receptors also increases neuronal excitability and responsiveness for a longer lasting period than nicotinic receptors in pyramidal cortical neurons [51, 52] . Contrariwise, under different conditions, such as high ACh exogenous concentration, it is possible to observe a decrease of the activity in the cortex [52] . It has been studied that this can happen whenever there is a suitable extracellular concentration of ACh. Insufficient or excessive levels of ACh prevent the plasticity process from taking place, promoting inhibition [53] . This means that ACh has to be at the optimum concentration for each important process it is involved in, which is why is called a neuromodulator. Thus Ach regulates both activation and inhibition.
ACh regulates inhibition because it also activates muscarinic receptors placed in GABAergic interneurons [50] . This is one of the reasons why ACh has such different effect in the cortex. It is thought that this complex behavior is due to the effect of ACh on a different subtype of cholinergic receptors and over second messengers [23, 53, 54] . Furthermore, cholinergic mechanisms have been implicated as a necessary substrate for the reorganization of cortical maps following manipulations of peripheral inputs [55, 56] . Importantly, ACh exerts highly selective, input-specific effects in the visual, pyriform and S1 cortex, with a facilitatory effect on thalamocortical inputs and a profound suppression of intracortical connections [47, 52, 57, 58] .
Microiontophoresis of ACh induces a long-lasting increase of sensory responses, including uncovering new receptive fields and increasing receptive field size in the somatosensory [59] , visual [60] or auditory cortex [51] . Electrical stimulation of the basal forebrain (the main source of ACh in the cortex)induces a potent enhancement of the responses evoked by whisker deflections in barrel cortical neurons [5, 23, 52, 61] . The response enhancement induced by basal forebrain stimulation is reduced by the muscarinic AChR antagonist atropine. Also, the response enhancement is largely caused by an increased late response that roughly corresponds to the timing of the NMDA-spike and action potential burst evoked by thalamocortical synaptic inputs. Consequently, mAChR-induced and NMDAR-mediated mechanisms are responsible for the long-lasting increase of sensory responses evoked by basal forebrain stimulation.
According to the above results, ACh has a complex effect in the modulation of cortical sensory response [62, 63] . This circumstance has an important role in sensory processing because the level of ACh is higher in wakefulness and REM sleep than during slow sleep stages [42, 64] . Moreover, the basal forebrain has been implicated in a variety of behavioral functions, including learning, memory and attention, increasing the level of ACh in the cortex [34] [35] [36] [37] [38] . Consequently, the neuronal response to identical sensory stimuli changes during the sleep-wakefulness cycle or according to attention.
ACh has a significant effect on the plasticity of cortical excitability because ACh can change the response pattern to glutamatergic inputs, usually by facilitating responses to glutamatergic inputs and reinforcement of the synchronous activity between cortical pyramidal neurons. Moreover, it has been described that ACh increases excitability and synaptic excitation by membrane depolarization, raising the input resistance, and reducing local GABAergic inhibition [23] . These changes result in the generation of all-or-none Ca 2+ spikes, displaying properties of NMDA-spikes. Therefore, cholinergic activity can switch the output of cortical pyramidal neurons from single spikes to a bursting spike mode that could have fundamental consequences in the processing of sensory information in the barrel cortex [65] [66] [67] .
Conclusions
The results shown above demonstrate that glutamatergic transmission is fundamental in sensory pathways to transmit stimuli from peripheral receptors to the cortex. The AMPA-component of the EPSP, precisely transmits information from one neuron to others. The NMDA-dependent component of the EPSP has more plastic properties: it increases the amplitude and duration of the evoked EPSPs at depolarized membrane potentials or during repetitive stimulation, thus enhancing the possibility of synaptic interactions by temporal summation between successive EPSPs. Moreover, Ca 2+ flowing through NMDARs may trigger different forms of synaptic plasticity as has been shown in different systems [14, 22] . The response pattern evoked by a single stimulus is crucial to evoke synaptic plasticity. For example, short spike bursts at ≥100 Hz may induce dendritic Ca 2+ electrogenesis in distal compartments of cortical neurons, which in turn determines dendritic plasticity mechanisms [68, 69] . Hence, the activation of NMDA receptors in cortical neurons causes a potent and sustained response enhancement with possible consequences in plastic properties and sensory processing that are present during natural whisking [5, 6, 70, 71] . Moreover, the interaction between NMDAR and ACh may have important roles in sensory processing, as has been indicated previously. For instance, it is established that ACh is related to attention, and is thought to be delivered when a stimulus must be processed in a specific and precise manner. This concept can explain how the barrel cortex could enhance the detection of a single whisker contact and process only the information belonging to this whisker in a very specific way while the other whiskers are transmitting information at the same time but are ignored, as may also occur with synaptic inputs from other sensory systems [36, 38] .
Although glutamate and ACh are the main neurotransmitters involved in synaptic plasticity process, it is known that others such as serotonin or dopamine are involved in this important issue. However, little is known about the importance of these neurotransmitters. In conclusion we must say that, despite all the work conducted striving to unravel synaptic-plasticity processes, more research is necessary for understanding this important process that is so relevant for life.
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